Introduction
Among the known marine shellfish poisoning syndromes, azaspiracid shellfish poisoning (AZP) is the most recent one, which was observed for the first time in the Netherlands in 1995. Contaminated mussels cultivated in Ireland were consumed and intoxicated at least eight people (McMahon and Silke, 1996) . Three years later the implicated toxin was identified, isolated, structurally defined and named azaspiracid (now called azaspiracid-1 (AZA-1) (Satake et al., 1998) . In the following years other variants of AZA-1 were found and isolated from shellfish (Ofuji et al., 1999; James et al., 2003) . As a result, the European Union has set a regulatory limit for maximum levels of AZAs in shellfish (160 mg kg À1 ). Due to their structural characteristics AZAs were early suspected to be of dinoflagellate origin, however, the AZAproducing organism remained unknown until the isolation of Azadinium spinosum from the North Sea in 2007 ). Species of the genus Azadinium have so far been reported from the North Sea (Tillmann et al., , 2010 , the French and Irish new AZAs with a modified substitution pattern in Azadinium poporum and Amphidoma languida . North Sea strains and the Korean isolate of A. poporum were found to produce AZAs with a characteristic m/z 348-fragment, however, in two different variants with different masses in the North Sea strains and the Korean strain, respectively . Until recently AZP appeared to be a merely European problem, but the recent findings of Azadinium spp. and AZAs at different locations of the Asian Pacific (Gu et al., 2013; Potvin et al., 2012) give increasing evidence AZP may pose a potential seafood safety risk in this to date unaffected world region.
The aim of this work was to further investigate the occurrence and variability of AZAs and the distribution of the producing organisms in Chinese coastal waters.
Materials and methods

Sample collection and treatment
Sediment samples were collected along the coast of China using a grab sampler (geographical coordinates and sample dates were provided in Table 1 ). The sediment samples were stored in the dark at 4 8C until further treatment. Approximately, 2 g of wet sediment were mixed with 20 mL of filtered seawater and sonicated for 2 min (100 W) to dislodge detrital particles. The watery slurry was incubated directly in series of small containers in f/2-Si medium (Guillard and Ryther, 1962) at 20 8C, 90 mE m
À2 s
À1 under a 12-h light:12-h dark cycle (hereafter called ''standard culture conditions''). Azadinium cells are characterized by swimming at low speed, interrupted by short, high-speed 'jumps' in various directions . Cells exhibiting such a characteristic swimming behavior were isolated by means of drawn-out Pasteur pipettes and established into clonal cultures. Only one strain was established from one container to guarantee they represent true clonal strains. 16 strains were established this way and maintained under standard culture conditions.
PCR amplifications and sequencing
Total algal DNA was extracted from 10 mL of exponentially growing Azadinium cultures using a plant DNA extraction kit (Sangon, Shanghai, China) according to the manufacturer's protocol. The total ITS1-5.8S-ITS2 was amplified using ITSA and ITSB primers (Adachi et al., 1996) .
The PCR protocol was as follows: initial denaturation for 3.5 min at 94 8C, followed by 35 cycles of 50 s denaturation at 94 8C, 50 s annealing at 45 8C, and 80 s extension at 72 8C, plus a final extension of 10 min at 72 8C. PCR products were sequenced directly in both directions using the ABI Big-Dye dye-terminator technique (Applied Biosystems, Foster City, CA, USA), according to the manufacturer's recommendations. The BLAST programs are used for searching DNA databases for sequence similarities (Altschul et al., 1997) .
Chemical analysis of azaspiracids
For AZA analysis, cultures of A. poporum were grown in 200 mL Erlenmeyer flasks under standard culture conditions. Around 10 7 cells were collected by centrifugation at the exponential phase. Cell pellets were extracted with 400 mL acetone by reciprocal shaking at 6.5 m s À1 with 0.9 g lysing matrix D (Thermo Savant, Illkirch, France) in a Bio101 FastPrep instrument (Thermo Savant, Illkirch, France) for 45 s. Extracts were then centrifuged (Eppendorf 5415 R, Hamburg, Germany) at 16,100 Â g at 4 8C for 15 min. Each supernatant was transferred to a 0.45-mm pore-size spin-filter (Millipore Ultrafree, Eschborn, Germany) and centrifuged for 30 s at 800 Â g, and the resulting filtrate being transferred into an LC autosampler vial for LC-MS/MS analysis.
Single reaction monitoring (SRM) measurements
Water was deionized and purified (Milli-Q, Millipore, Eschborn, Germany) to 18 MV cm À1 or better quality. Formic acid (90%, p.a.), acetic acid (p.a.) and ammonium formate (p.a.) were purchased from Merck (Darmstadt, Germany). The solvents, methanol and acetonitrile, were high performance liquid chromatography (HPLC) grade (Merck, Darmstadt, Germany).
Mass spectral experiments were performed to survey for a wide array of AZAs. The analytical system consisted of an ABI-SCIEX-4000 Q Trap, triple quadrupole mass spectrometer equipped with a TurboSpray 1 interface coupled to an Agilent model 1100 LC. The LC equipment included a solvent reservoir, in-line degasser (G1379A), binary pump (G1311A), refrigerated autosampler (G1329A/G1330B), and temperature-controlled column oven (G1316A). Separation of AZAs (5 mL sample injection volume) was performed by reverse-phase chromatography on a C8 phase. The analytical column (50 Â 2 mm) was packed with 3 mm Hypersil BDS 120 Å (Phenomenex, Aschaffenburg, Germany) and maintained at 20 8C. The flow rate was 0.2 mL min À1 and gradient elution was performed with two eluants, where eluant A was water and B was acetonitrile/water (95:5, v/v), both containing 2.0 mM ammonium formate and 50 mM formic acid. Initial conditions were 8 min column equilibration with 30% B, followed by a linear gradient to 100% B in 8 min and isocratic elution until 18 min with 100% B then returning to initial conditions until 21 min (total run time: 29 min).
AZA profiles were determined in one period (0-18 min) with curtain gas: 10 psi, CAD: medium, ion spray voltage: 5500 V, temperature: ambient, nebulizer gas: 10 psi, auxiliary gas: off, interface heater: on, declustering potential: 100 V, entrance potential: 10 V, exit potential: 30 V). SRM experiments were carried out in positive ion mode by selecting the transitions shown in Table 2 . AZAs were calibrated against an external standard solution of AZA-1 (certified reference material (CRM) programme of the IMB-NRC, Halifax, Canada) and expressed as AZA-1 equivalents. A solution containing AZA-11, previously isolated from shellfish and purified by the Marine Institute, Oranmore, Galway, Ireland was kindly donated by Jane Kilcoyne.
Precursor ion experiments
Precursors of the fragments m/z 348 and m/z 362 were scanned in the positive ion mode from m/z 400 to 950 under the following conditions: curtain gas: 10 psi, CAD: medium, ion spray voltage: 5500 V, temperature: ambient, nebulizer gas: 10 psi, auxiliary gas: off, interface heater: on, declustering potential: 100 V, entrance potential: 10 V, collision energy: 70 V, exit potential: 12 V.
Product ion spectra
Product ion spectra were recorded in the Enhanced Product Ion (EPI) mode in the mass range from m/z 150 to 930. Positive ionization and unit resolution mode were used. The following parameters were applied: curtain gas: 10 psi, CAD: medium, ion spray voltage: 5500 V, temperature: ambient, nebulizer gas: 10 psi, auxiliary gas: off, interface heater: on, declustering potential: 100 V, collision energy spread: 0, 10 V, collision energy: 70 V.
FT-ICR-MS measurements
High resolution mass spectra were acquired with a solarix XR Fourier transform ion cyclotron resonance mass spectrometer (FT-ICR-MS; Bruker Daltonik GmbH, Bremen, Germany) equipped with a 12 T refrigerated actively shielded superconducting magnet (Bruker Biospin, Wissembourg, France), a dual ion source and Paracell analyzer cell (Nikolaev et al., 2011) . The samples were ionized by electrospray ionization in positive ion mode (Bruker Daltonik GmbH, Bremen, Germany). Sample solutions were continuously infused using a syringe at a flow rate of 2 mL min À1 . 1. The detection mass range was set to m/z 150-3000. Ion accumulation time for each scan was set to 0.1 s. Several scans were added for the final mass spectrum. Data sets were acquired with 4 MW data points resulting in a resolving power of 450,000 at m/z 400. Spectra were zero-filled to process size of 8 M data points before sine apodization.
Mass spectra were calibrated with arginine clusters using a linear calibration. A 10 mg mL À1 solution of arginine in 50% methanol was used to generate the clusters. Ion accumulation time was set to several seconds for MS/MS experiments for improved S/N of the fragment mass peaks. The quadrupole isolation window was set to 0.5 Da and collision energy was set to 30 eV.
Results
Molecular characterization
Ten strains of A. poporum from the Yellow Sea, East China Sea and South China Sea share identical ITS sequences with that of strain G25 (GenBank number: KC286572) and thus belong to ribotype B, and the rest six strains share identical ITS sequences with that of strain G42 (GenBank number: KC286581) (Table 1) and thus belong to ribotype C (Gu et al., 2013) . They differ from each other at 11 positions (98.3% similarity).
Toxin profiles
Out of the 16 A. poporum strains tested, three strains (AZDH51, AZCH01, AZLY02) proved not to contain any known AZAs at a limit of detection of 3-6 ag cell À1 (depending on the available cell biomass) expressed as AZA-1 equivalents. In addition, all strains were analyzed in the precursor ion mode of m/z 348 and m/z 362 in order to detect unknown AZA variants, but no additional AZAs were found.
One strain (AZFC22) exclusively produced AZA-2 (Table 1 , Fig. 1 ) at a cell quota of 4.4 fg cell À1 . Two strains (AZBH01 and AZBH03) exclusively produced a new, yet undescribed azaspiracid with a molecular mass of 841 Da, named here AZA-40 at cell quotas of 0.9 and 0.5 fg cell À1 , respectively. AZA-40 is a structural isomer of AZA-1, but in contrast to AZA-1, it belongs to the 348-type AZAs (Fig. 2) as AZA-36, -37, -38, and -39, which have been shown before to be produced by A. poporum and A. languida . The sum formula of AZA-40 was determined as C 47 H 72 NO 12 by high resolution mass spectrometry (HRMS) ( Table 3) .
Three strains (AZDH43, AZDH55 and AZDH41) only produced AZA-11 at cell quotas of 0.8, 1.6 and 3.0 fg cell À1 (expressed as AZA-1 equivalents), respectively. The identity of AZA-11 was confirmed by comparison of retention times (not shown) and the CID spectra of a solution containing AZA-11 and the isobaric compound of A. poporum (Fig. 3) . Three strains (AZDY06, AZDH56 and AZDH39) produced AZA-2 and AZA-36. All three strains displayed a stable AZA-2/AZA-36 ratio, which consists of 6-6.5 times more AZA-2 (7.6, 1.8 and 3.9 fg cell À1 ) than AZA-36 (1.2, 0.3 and 0.6 fg cell À1 , expressed as AZA-1 equivalents).
Strain AZDH38 produced another new AZA with a molecular mass of 853 Da at a cell quota of 0.9 fg cell À1 , here named AZA-41. AZA-41 belongs to a new group of AZAs, as all typical AZA group fragments of its collision induced dissociation (CID) spectrum are shifted to 2 Da lower m/z values. The sum formula of AZA-41 was determined as C 48 H 72 NO 12 by HRMS (Table 3) .
Two strains (AZLY01 and AZCH10) produced AZA-11 (1.0 and 0.2 fg cell
À1
, respectively) and AZA-36 (0.4 and 0.7 fg cell À1 , respectively) and strain AZFC21 produced AZA-11 and AZA-40 at cell quotas of 0.5 and 0.2 fg cell À1 , respectively. In summary, these 16 strains displayed eight different AZA profiles including the nontoxigenic variant.
In addition, some of the strains (AZCH10, AZDH39, AZDH56, AZDY06) produced minor amounts of an AZA variant with a molecular mass of 919 Da previously observed in this species (compound B in Gu et al., 2013) . However, in none of the strains this compound exceeded 1% of the major AZA. Gu et al. (2013) reported three different AZA profiles out of six strains of A. poporum that previously had been isolated from Chinese coastal waters. This is noteworthy because it was first indication that variability of AZAs in this species seemed to be high compared to the closely related species A. spinosum, which to date among all four available strains displayed a unique AZA profile consisting only of AZA-1, -2 and AZA-33 (AZA with molecular mass of 715 Da, Tillmann et al., 2012; Kilcoyne, pers. comm.) . With respect to toxin profile in A. poporum, strains from the North Sea produced AZA-37 (compound 2 in Krock et al., 2012) , A. poporum from the west coast of Korea produced AZA-36 (compound 1 in Krock et al. (2012) ), and, as mentioned before, six strains of A. poporum from Chinese coastal waters (Gu et al., 2013) produced AZA-2, AZA-36 (compound 1) and an AZA with a molecular mass of 871 Da (compound A in Gu et al., 2013) , which we now identified as AZA-11 (Table 4) . Both, retention times (data not shown) and CID spectra of AZA-11 and the compound with the molecular mass of 871 Da in A. poporum are identical (Fig. 3) . Although this structure has already been proposed based on mass spectral interpretation, the unambiguous identification as AZA-11 was still pending.
Discussion
Toxin profiles
The occurrence of AZA-11 is particularly interesting, because until now it has only been regarded as a shellfish metabolite of AZA-2, which is formed by enzymatic hydroxylation in bivalves . Here we clearly show that AZA-11, apart from being shellfish metabolite, also is de novo synthesized by at least one species of dinoflagellates.
Among the 16 strains of A. poporum investigated in this work, we found eight different profiles with different combinations of the already observed AZAs, but also new ones.
AZA-40
Three strains (AZBH01, AZBH03 and AZFC21) gave a peak in the SRM measurements in the ion transition for AZA-1 m/z 842 > 824 almost at the retention time of AZA-1. However, the qualifying transition m/z 842 > 672 was missing, questioning the identity of AZA-1. For this reason we recorded a CID spectrum of this compound and in fact it turned out not to be AZA-1, but an isomer of AZA-1 belonging to the 348-type, which previously has been described in strains of Azadinium poporum and Amphidoma languida. The 348-type AZAs have a methyl (or methylene) group less in the part of the molecule consisting of C33-C39 (rings H, I) in comparison to the classical 362-type AZAs. This is also confirmed by HRMS, as the exact masses of the AZA group fragments match the theoretical values (Table 3) . Even though the chemical structure of AZA-40 cannot be assigned by mass spectrometry alone but needs confirmation by nuclear magnetic resonance (NMR) spectroscopy, this finding is important in order to avoid misinterpretation of AZA-1 in the presence of AZA-40. Both compounds have identical molecular masses and, in addition, almost identical retention times. Under our chromatographic conditions AZA-1 was eluting at 12.09 min and AZA-40 slightly earlier at 12.03 min. This is especially critical, because AZA-1 is regulated in many countries including the European Union by food safety legislation, but AZA-40, as a new compound, obviously is not.
In 2010, Yao et al. (2010) reported the presence of AZA-1 in Chinese shellfish. The mode of detection they used included fast chromatography and only one ion trace. These conditions are not sufficient for the distinction of AZA-1 and AZA-40. Given the fact that to date there is no known producer of AZA-1 in Chinese waters, but we could show the presence of AZA-40 by its progenitor A. poporum in this region, it may very well be the case that AZA-1 has been misidentified by Yao et al. However, more work is needed to fully understand the global geographic distribution of AZAs, but especially in the western Pacific region.
AZA-41
Strain AZDH38 displayed a peak in the ion chromatograms of transitions m/z 856 > 838 and m/z 856 > 672, which are characteristic for AZA-2. However, this peak eluted at 12.23 min, slightly before AZA-2 (Fig. 5) , which eluted at 12.48 min. A CID spectrum of m/z 856 showed the identical fragments as AZA-2, but all group fragments consisted of three subsequent nominal masses, for example, the group 2 fragment m/z 672 consisted of three subsequent mass peaks with m/z 670, 671 and 672 (data not shown). This led to the conclusion that m/z 856 might not be the pseudo-molecular ion of this compound, but of an ion with two 13 C atoms incorporated into a compound with a lower molecular mass. Accordingly, we recorded a CID spectrum with m/z 854 instead. The CID spectrum of m/z 854 in turn looked like a ''true'' AZA spectrum (Fig. 4) and it shows that all group fragment ions (down to group 6 fragment m/z 168 for 362-type AZAs) are shifted to 2 Da smaller masses (Table 3) . HRMS revealed that these mass shifts correspond 
Geographic distribution
Combining the present data set with previously published data (Gu et al., 2013) , we now have AZA-profiles of 22 strains of A. poporum from Chinese coastal waters (Table 1) , which allow an evaluation of potential distribution pattern (Fig. 6) . AZA-11 and AZA-36 were the most widely distributed AZAs. They occurred from the Bohai/Yellow Sea in the north, through the East China Sea to the South China Sea. AZA-2 was only detected in strains from the East China Sea and the South China Sea, whereas AZA-40 was only detected in two strains both from the South China Sea, and AZA-41 only in the East China Sea, albeit in just one strain. Strains without any AZAs were only found in the Yellow Sea and the East China Sea. In general, there seems to be no clear trend in the geographic distribution of neither the two ribotypes of A. poporum nor the different AZA variants in the different strains of A. poporum. Both ribotypes were found along the entire Chinese coastline such as AZA-11 and AZA-36. The seemingly more restricted occurrence of non-toxigenic strains, AZA-2, AZA-40 and AZA-41 along the Chinese coast might simply be due to the still limited number of isolates. In any case, the AZA profiles of the western Pacific isolates of A. poporum have an interesting feature: Whereas the other known AZA-producing strains of other species either exclusively produce 39-methyl-AZAs (362-type AZAs) as in the case of four strains of A. spinosum Krock et al., 2013) or exclusively 39-desmethyl-AZAs (348-type AZAs) as in one strain of Amphidoma languida , both types, namely the 348-type AZAs AZA-36, AZA-40 and AZA-41 and the 362-type AZAs AZA-2 and AZA-11, which were found in A. poporum from the north western Pacific, were even simultaneously present in some isolates.
Conclusions
Whereas the first species identified as progenitor of AZAs and AZP, A. spinosum, seems to have a stable toxin profile consisting of AZA-1, -2, and -33, the more recently identified source organism for AZAs, A. poporum, displays a much higher variability of AZA profiles. Toxin profiles do not only differ among different geographic regions such as the North East Atlantic and the North West Pacific, but also among populations of the same geographic origin. In 16 isolates of A. poporum, we found 8 different AZA profiles including non-toxigenic strains without any AZAs. In addition we found two new AZAs, AZA-40 and AZA-41. AZA-40 is an isomer of AZA-1 and having an almost identical retention time as AZA-1, it may be easily misidentified as AZA-1. Even though AZA-41 differs from AZA-2 in a 2 Da lower molecular mass, AZA-41 also can be easily misinterpreted as AZA-2, due to the significant proportion of the double 13 C signal. As AZA-1 and -2 are regulated, but not AZA-40 and AZA-41, it is particularly important to distinguish between these two pairs of AZAs. For a full evaluation of potential risks of such a misidentification for shellfish consumers, toxicity data of the new compounds are needed.
